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8 SARS-CoV-2 Infection Is Associated with Reduced
Kruppel-like Factor 2 in Human Lung Autopsy

To the Editor:

Acute respiratory distress syndrome (ARDS) occurred in ~12% of
hospitalized patients with coronavirus disease (COVID-19) in a
recent New York City cohort and has a high mortality rate
depending on the age decile (1). Pulmonary endothelial
dysfunction, characterized by increased expression of
inflammatory genes and increased permeability, is a major
component of ARDS. Vascular leak results in the parenchymal
accumulation of leukocytes, protein, and extravascular water,
leading to pulmonary edema, ischemia, and activation of
coagulation associated with COVID-19. Endothelial inflammation
further contributes to an uncontrolled cytokine storm in ARDS (2).
Recent studies have reported lung endothelial dysfunction in
autopsy results of patients with COVID-19 (3, 4).

We have recently demonstrated that KLF2 (Kriippel-like factor
2), a transcription factor that promotes endothelial quiescence and
monolayer integrity (5), is significantly reduced in experimental
models of ARDS. Lung inflammation induced by influenza A HIN1
virus or LPS decreases KLF2, which drives pulmonary endothelial
dysfunctionand acutelunginjury (6). High-tidal volume ventilation
in rat models mimicking ventilator-induced lung injury also reduces
KLF2 and drives lung injury (6). Mechanistically, we found that
KLF2isapotent transcriptional activator of RAPGEF3 (Rap guanine
nucleotide exchange factor 3), which activates Racl (6), a key small
GTPase that orchestrates and maintains vascular integrity by
stabilizing cortical actin. Moreover, KLF2 regulates multiple
genome-wide association study (GWAS)-implicated ARDS genes
related to the cytokine storm, oxidation, and coagulation in the lung
microvascular endothelium (6).

It is not known how severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) affects lung KLF2. Here, we report that
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endothelial KLF?2 is significantly reduced in human lung autopsy
samples from patients with COVID-19, supporting that ARDS due to
SARS-CoV-2 is a vascular phenotype possibly attributable to KLF2
downregulation. Moreover, our in vitro results demonstrated that KLF2
is a major transcriptional activator of OASI (2'-5 oligoadenylate
synthetase 1) and OAS3, two antiviral genes recently implicated in
COVID-19 severity by a GWAS (7). Some of the results of our studies
have been previously reported in the form of a preprint (https://doi.org/
10.1101/2021.01.15.426691).

Methods

Autopsies of patients with COVID-19 were performed within 24-72
hours of death, and lung tissue was stored in 10% neutral buffered
formalin for at least 72 hours as per the University of Chicago protocol.
Lung tissue from donors with COVID-19 were randomly selected and
compared with control lungs that were obtained from organ donors
whose lungs were nontransplantable and who did not have SARS-CoV-
2 infection, with samples having been collected before the pandemic.
Control lungs (obtained from the Gift of Hope Organ and Tissue Donor
Network) were similarly processed between 24 and 72 hours of death
and stored in 10% neutral buffered formalin for at least 72 hours. Lung
tissues were then embedded in paraffin and sectioned. Tissue slices were
then processed with conventional hematoxylin and eosin staining or
immunofluorescence. Deparaffinization and rehydration was
performed by using serial washes with decreasing amounts of ethanol
and a final wash in water. Samples were then blocked with 1% BSA in
PBS for 30 minutes followed by permeabilization in 1% BSA and 0.1%
Triton X-100 for 1 hour at room temperature. Immunofluorescence was
performed with overnight incubation with primary antibodies to KLF2
and VE-Cad (vascular endothelial cadherin; also known as CDHS5), the
latter of which was used to delineate endothelial cells. Samples were
incubated with secondary anti-goat Alexa 488 and anti-mouse Alexa
647 antibodies for 1 hour at room temperature. Washes were performed
with PBS. A confocal microscope was used to acquire fluorescent
images.

Protocols of KLF2 knockdown by siRNAs and KLF2
overexpression by mRNA in human lung microvascular endothelial
cells were described in our previous study (6). Absolute quantification of
OAS1 or OAS3 mRNA was normalized to the geometric mean of
B-actin, ubiquitin B, and GAPDH.

Results
Detailed clinical information was available for all patients with COVID-
19 (Table 1). At diagnosis, the patients had severe acute hypoxemic
respiratory failure and required either a simple nasal cannula or a high-
flow nasal cannula. Some patients were mechanically ventilated and met
Berlin criteria for ARDS. Chest X-rays showed multifocal bilateral
alveolar opacities (data not shown). Pathological findings are also
detailed in Table 1. Autopsy results in patients with COVID-19
demonstrate pathological findings consistent with those of ARDS
(diffuse alveolar damage) as well as a significant component of
superimposed pneumonia. Remarkably, only two samples
demonstrated thrombosis or microthrombi.

As shown in Figure 1A, control lungs (1 = 5, obtained from Gift of
Hope) expressed significantly higher amounts of KLF2 protein than
lungs from patients with COVID-19 (n = 10). KLF2 expression largely
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Figure 1. Endothelial KLF2 (Krlippel-like factor 2) is reduced in coronavirus disease (COVID-19) lung autopsy samples and increases OAST1 (2'-5'
oligoadenylate synthetase 1) and OAS3 mRNA. (A) Both control (Ctrl) and COVID-19 lung autopsy samples demonstrate distorted architecture on
histology. Immunofluorescence is performed for KLF2 and VE-Cad (vascular endothelial cadherin) and is quantified below the images. In Ctrl lungs,
the KLF2 signal (green) colocalized with VE-Cad (red), which highlights pulmonary vasculature (n = 5), is shown. In COVID-19 samples, the KLF2
signal is significantly reduced when compared with that of Ctrl lungs (n = 10). There is no significant difference in VE-Cad between Ctrl and
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Table 1. Clinical and Pathological Characteristics of COVID-19 and Control Samples.

Length of
Hospital
Stay

Case
No. Age Sex

Smoking

Race Status

C1 36 M Black Yes 13

c2 84 F Black Former 4 None

C3 84 M Black N/A 1 None

C4 77 F Black N/A 15

C5 51 F Black Yes 12

C6 82 F Black Former 13

Cc7 84 F Black No 5

C8 40 M Black No 25

C9 80 F Black Former 1 None

Cc10 78 F Black Former 5 None

R1 58 M N/A Yes N/A N/A
R2 59 F N/A Yes N/A N/A

R3 53
R4 35

N/A Former N/A N/A
N/A Yes N/A N/A

==

R5 59 F N/A Yes N/A N/A

Immunosuppression

Tocilizumab,
hydrocortisone

Tocilizumab

Hydrocortisone

Hydrocortisone

Hydrocortisone NC

Tocilizumab

Duration P/F
of MV Ratio

Ventilatory
Support

Lung Autopsy
Findings

Acute
bronchopneumonia
and few microthrombi

Lungs with acute and
chronic aspiration
pneumonia, focal
bronchopneumonia

Reactive pneumocytes
and fibrin thrombi
with bilateral
bronchopneumonia

Hyaline membrane
formation and focal
superimposed
bronchopneumonia

Diffuse alveolar damage
and mucous plugging

Diffuse alveolar damage,
hemorrhage,
aspiration pneumonia

Acute and chronic
aspiration pneumonia

Diffuse alveolar damage,
thromboemboli,
areas of infarction

Diffuse acute pneumonia
and focal platelet
thrombi

Diffuse alveolar damage
and intraalveolar
hemorrhage

Recent hemorrhage
(trauma)

Patchy nonspecific
interstitial fibrosis

Emphysema

Emphysema, patchy
nonspecific interstitial
fibrosis

Patchy nonspecific
interstitial fibrosis

HFNC, MV 9d 64

NC none 191

HFENC none 65

HFNC none NA

HFNC, MV 7d 64

HFNC, MV 13d 63

none N/A

MV 22d 62

NC none N/A

MV 6d 141

MV N/A N/A
MV N/A N/A
MV N/A N/A
MV N/A N/A

MV N/A N/A

Definition of abbreviations: C = COVID-19 case number; COVID-19 = coronavirus disease; HFNC = high-flow NC; MV = mechanical ventilation; N/A

= not applicable; NC = nasal cannula; R = Gift of Hope case number.

colocalized with VE-Cad. Only KLF2 protein, and not VE-Cad, was
reduced in the SARS-CoV-2-infected lungs, suggesting that KLF2
reduction in patients with COVID-19 is not due to endothelial loss.
Representative immunofluorescence images with histological
counterparts are provided. Six random fields per sample were analyzed,
with quantification being blinded to the condition.

KLF2 maintains the endothelial expression of OAS1 and
OAS3, which are antiviral genes encoding OASs that activate
RNases to degrade double-stranded RNA, an intermediate in
coronaviruses (8). A GWAS recently reported a significant

association between genetic variants in human OAS genes and
COVID-19 severity (7). OASI variants were previously implicated
in susceptibility to SARS-CoV in Vietnam and China (9, 10). In
Figure 1B, we demonstrate that silencing KLF2 (with siKLF2
[siRNA against KLF2]) in human lung microvascular endothelial
cells significantly reduces OAS1 and OAS3, whereas
overexpression of KLF2 significantly increases OAS1 and OAS3
expression. These results implicate lung vasculature KLF2 in
antiviral protection against coronaviruses in addition to its
homeostatic functions.

Figure 1. (Continued). COVID-19 samples. Scale bars: first column, 200 pm; second and third columns, 50 pm; fourth column 10 wm. (B) Human
lung microvascular endothelial cells treated with siKLF2 (siRNA against KLF2) had reduced OAS1 and OAS3 compared with Ctrl cells and had
increased OAS1 and OAS3 when transfected with KLF2 transcripts. Error bars show the SEM. Statistical significance was determined by using a
Student’s ttest. *P < 0.05, ***P < 0.001, and ****P < 0.0001. A.U. = arbitrary units; C = COVID-19 sample number; ns = not significant; R = Ctrl
sample number; siCtrl = control siRNA.
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Discussion

Lung microvascular dysfunction is instrumental to the breakdown of
the alveolar-vascular barrier, resulting in edema and neutrophil
recruitment, which are followed by radiographic opacities and
hypoxemia due to shunt formation. Endothelial KLF2 is a major
regulator of microvascular quiescence and integrity; here, we show that
endothelial KLF2 also maintains OAS1 and OAS3 expression. Our data
demonstrate that lung endothelial KLF2 is significantly downregulated
with SARS-CoV-2 infection, suggesting that endotheliitis and vascular
dysfunction contribute to COVID-19 pneumonia and ARDS.

COVID-19 has generated lay controversy because of an apparent
disproportion of hypoxia to the work of breathing; patients may have
hypoxemia but relatively mild dyspnea. It is unknown whether
dysfunctional pulmonary blood flow itself can cause hypoxia in
COVID-19 pneumonia. One proposed mechanism is dysregulated
nitric oxide synthesis, which under normal conditions provides
appropriate ventilation—perfusion matching. Capillary flow maintains
expression of endothelial KLF2, which is a direct transcriptional
activator of eNOS (endothelial nitric oxide synthase; also known as
NOS3). Thus, poor blood flow in pneumonia may itself reduce nitric
oxide release, independently of alveolar filling or the presence of virus.
KLF2 also maintains blood fluidity by inhibiting vascular thrombosis
(11), another postulated mechanism for hypoxia in COVID-19.
Interestingly, statins, potent activators of endothelial KLF2, is associated
with reduced mortality of patients with COVID-19 (12), although this
was a retrospective study. Given that statins increase endothelial KLF2
to promote nitric oxide production, which is antithrombotic,
strengthens the vascular barrier, and promotes antiviral activity, we
believe that a randomized clinical trial studying statins in COVID-19
pneumonia would be clinically useful. Another proposed mechanism is
that reduction of KLF2 may impair antiviral defenses through OAS1
and OAS3, increasing susceptibility to viral survival, although this has to
be verified in future mechanistic studies. One limitation is that the
controls were nontransplantable donor lungs that had also undergone
mechanical ventilation for an undetermined length of time.
Furthermore, a comparison with other respiratory viruses, such as
influenza, would be necessary to assess the specificity of vasculopathy in
COVID-19 or whether vasculopathy is a general phenomenon of virally
induced lung injury. Lastly, KLF2 is implicated in the development of
metabolic diseases such as obesity and coronary artery disease (13, 14)
and may regulate innate immunity in humans (15), but whether the
diseases themselves regulate KLF2 is unknown.

Immune suppression via corticosteroids is now used to treat severe
COVID-19 pneumonia (16). Theoretically, corticosteroids suppress the
immune cell-mediated cytokine storm, which causes widespread organ
dysfunction and hypotension. In the endothelium, glucocorticoids were
also shown to inhibit major proinflammatory cytokines and
chemokines (17), which are also suppressed by KLF2. Thus,
corticosteroids may also dampen vascular inflammation associated with
the cytokine storm in ARDS. Further investigation into vascular
dysfunction in ARDS, especially in COVID-19, may yield mechanistic
insight and therapeutic benefit with vessel-targeted therapy. m
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PINK1-mediated Mitophagy Contributes to Pulmonary
Vascular Remodeling in Pulmonary Hypertension

To the Editor:

Pulmonary hypertension (PH) is a severe multifactorial disease
characterized by increased pulmonary vascular resistance with
subsequent right ventricular (RV) remodeling and RV failure (1).
Despite intensive research in the last decades, PH is still an incurable
disease with poor prognosis (1). Mitochondrial dysfunction of
pulmonary arterial smooth muscle cells (PASMCs) is a pathological
hallmark of PH (2-4). The accumulation of dysfunctional,
hyperpolarized, and fissioned mitochondria is a main feature of
hyperproliferative and apoptosis-resistant PASMCs, which cause
pulmonary vascular remodeling in PH (2, 5). Mitophagy, the
degradation of mitochondria by autophagy, which is mediated by the
PTEN (phosphatase and tensin homolog)-induced PINK1 (putative
kinase 1), serves to remove dysfunctional mitochondria (6). During that
process, depolarization of mitochondria leads to fission of damaged
mitochondria from the mitochondrial network, PINK1 accumulation
on the outer mitochondrial membrane, and recruitment of the E3
ubiquitin ligase Parkin and ubiquitin. Subsequently, autophagy
receptor proteins induce selective mitophagy through autophagosomal
degradation. Direct (e.g., hypoxia-induced) or indirect (compensatory
in response to accumulation of damaged mitochondria) overactivation
of PINK1-dependent mitophagy may result in excessive degradation of
mitochondria and selection of mitochondria with antiapoptotic
properties (7, 8). Therefore, we hypothesized that PINK1-mediated
mitophagy promotes pulmonary vascular remodeling in PH.
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Expression of PINK1 was investigated in chronic hypoxic mouse
tissue and lung homogenate of patients with idiopathic pulmonary
arterial hypertension (IPAH). Proliferation and apoptosis of mouse
primary precapillary PASMCs was studied after incubation at 1% O,
(normobaric) for 5 days. PH was investigated in wild-type (WT) and in
global Pink1 knockout (Pink~'~) mice after exposure to 10%
(normobaric) O, for 28 days by hemodynamics, histology, and
echocardiography. All experiments with animals and human tissue
were approved by the governmental ethics committee for animal
welfare (Regierungsprasidium Giessen, Germany) and by the Ethics
Committee of the Justus-Liebig University (AZ 58/15), respectively. The
details of the methods are provided in the data supplement.

PINK1 expression was increased in mouse precapillary PASMCs
after in vitro chronic hypoxic exposure (1% O, for 5 d), in lung
homogenate from mice after in vivo exposure to chronic hypoxia (10%
O, for28d),and inlunghomogenate of patients with IPAH (Figure 1A).
Immunohistochemical analysis of lungs from patients with IPAH
revealed that PINK1 was predominantly expressed in the medial layer of
pulmonary vessels (Figure 1B). To investigate the effect of increased
PINK1 levels on cellular functions of PASMC:s in chronic hypoxia, we
studied proliferation and apoptosis of Pinkl '~ PASMCs after
exposure to 1% O, for 5 days. Chronic hypoxia induced an increase of
proliferation and decrease of apoptosis of WT PASMCs. In contrast,
Pink1~’~ did not affect hypoxia-induced apoptosis of pulmonary
arterial endothelial cells (data not shown). Pinkl '~ inhibited or even
reversed these changes (Figure 1C). Therefore, we investigated the
effects of Pink1 '~ on the development of chronic hypoxia-induced
PH. Exposure of Pink1 '~ and WT mice to 10% O, for 28 days induced
an increase of RV systolic pressure (RVSP) to a similar degree in both
mouse strains (Figure 1D). The systemic arterial pressure was not
different between Pinkl '~ and WT mice (Figure 1E). In contrast to the
hemodynamic data, the degree of pulmonary vascular remodeling was
significantly reduced in the Pinkl '~ mice (Figures 1F and 1G). The
right heart hypertrophy, determined as the ratio of the weight of the RV
to the weight of the left ventricle plus septum, as well as RV wall
thickness, determined by echocardiography, were increased after
chronic hypoxia in both genotypes to a similar level (Figures 1H and 11).
However, Pinkl '~ attenuated the development of chronic
hypoxia-induced dilatation of the RV (RV internal diameter, Figure 1J).
Interestingly, tricuspid annular plane systolic excursion (TAPSE),
which reflects systolic RV function, was slightly improved in Pinkl '~
mice after hypoxic exposure (Figure 1K), indicating that changes in RV
function may contribute to the observation of similar RVSP despite
attenuated pulmonary vascular remodeling. In accordance with the
RVSP, the ratio of the pulmonary acceleration time and pulmonary
ejection time as a marker for pulmonary pressure was not different
between the genotypes after hypoxic exposure (Figure 1L).
Furthermore, the hypoxia-induced decrease of global heart function,
determined as cardiac output, was not affected by the genotype (Figure
1M). We detected no difference between genders in the normoxic or
hypoxic groups (Figures 1D-1M, Table E1 in the data supplement). To
investigate whether the downregulation of PINK1-dependent
mitophagy was compensated by an increase of PINK1-independent
mitophagy, we determined expression of Bnip3]/Nix (Bcl-2/E1B 19
kD-interacting protein 3-like protein) (9). Indeed, the expression of
Bnip31/Nix was increased in Pinkl1 ™'~ after exposure to 10% O, for 4
weeks (Figure 1N).

In the current study, we found that PINK1-mediated mitophagy
can promote development of chronic hypoxia-induced pulmonary
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